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GENERAL INTRODUCTION 
To provide quality, consistent products the meat industry requires constant monitoring and 
control of the many factors input to the system. These factors include the physical properties of the 
meat utilized, a number of which have been examined and determined to influence the final product. 
Researchers (reviewed by Foegeding et al., 1991) have examined the effects on the protein 
functionality of properties such as ionic strength, pH, protein isoforms, protein concentration and 
protein solubility and myosin:actomyosin ratio in a variety of animal muscles including rabbit, 
chicken, pork and beef. 
Protein functionality, as referred to in meat processing, is typically described in terms of 
hydration, surface properties, binding and rheological behavior. These include gelation and water-
holding capacity. This study examines the protein functionality in terms of these specific properties 
in porcine myofibrillar proteins for a better understanding of the responses to pH and muscle type. 
A number of meat products rely on the gelation of myofibrillar proteins far product character, 
including any cooked product, hams, or those made by heating a meat batter to create a homogenized 
solid such as frankfurters and bologna. Identifying any effect of the muscle type and pH used in 
production on the quality implicates the importance of consistency in formulation of products as well 
as aids in the specifications of raw muscle characteristics for a desired outcome. Rheological testing 
can be performed to measure the gelation properties, using the myofibrillar proteins as a model 
system. 
Rheological data are highly useful in the food industry for a variety of issues, such as product 
development, sensory testing, process engineering and quality control. Rheological testing can be 
applied to meat science or processing for the same applications. Understanding the behavior and 
chemistry of meat proteins can greatly enhance the ease of manipulating production outcomes 
resulting in the highest quality for the minimum amount of time, effort or cost possible. 
Literature Cited 
Foegeding, E.A., Brekke, C.3., & Xiong, Y.L. (1991). Ch. 18: Gelation of Myofibrillar Protein. 
American ~'hemical Society Sym~nosium Series, 454, 257-267. 
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GENERAL REVIEW OF LITERATI;IRE 
Muscle Background 
Myo~brillar Proteins 
Isolated myof brils, as a model system, have been studied for protein gelation because 
characteristics of the final network have been found to better model processed meat functionality 
(Foegeding et ai., 1991 }. Myofibrillar proteins are the salt-soluble contractile proteins in muscle, 
which make up approximately 55% of the total proteins within the muscle. The major proteins of the 
myofibril are myosin (45-53%), actin, tropomyosin and troponin (25-30%}, desmin, titin, synemin, a- 
actinin, nebulin and other structural proteins. 
Once the muscle is turned to meat (rigor), the myofibrils influence the meat tenderness and 
water-holding capacity (WHC) (Goal et al., 1984). To understand mechanisms responsible for textural 
and water holding properties, purified protein gelation has been used as a model system. Myosin has 
been established as the main protein responsible for structure of protein gels (Golf et al., 1984); 
however, more complex meat products such as frankfurters contain a number of different muscle 
proteins and ingredients that interact to affect gelation and final product quality. Utilizing a model 
system of the myofibrillar proteins allows for these interactions to be investigated without 
confounding influences. 
Myofibrillar proteins may be prepared, after extraction, using two methods. They may be 
prepared in solution or in suspension. By preparing the myofibrils in solution, the proteins are 
solubilized in a salt solution, allowing the myosin and the other proteins to dissociate and expand 
within the solution (Offer and Knight, 1988). Meanwhile, myofibrils in suspension are not dissociated 
and dispersed amongst the sample and can exhibit a likelihood of weaker gel formation than those in 
solution. Gelation characteristics of myofibril samples are shown to be affected similarly when 
studies are compared based upon the preparation methods. 
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Lactic acid production during the postmortem period is primarily responsible for a drop in pH 
within a muscle. This pH decline in the animals, initially at approximate pH of 7.0, can be affected by 
a number of factors such as, genotype, pre-slaughter stress, feeding strategy and stunning procedure 
together with chilling regimes (Karlsson, 2002). Meat is typically processed within the pH range of 
5.5 to 6.5 and i s dependent on the ultimate pH, as well as the effect of any added ingredients such as 
salts or phosphates (Lawrie, 1998). 
Offer and Trinick (1983) showed that as pH was increased in suspended myofibrils from 5.0 
to 9.0 the proteins swelled. This phenomenon could be correlated with a possible increase in water-
holding capacity and also a change in the repulsive force and charges (Offer and Trinick, 1983 ). 
Myofibrils in solution are less likely to show this swelling trend due to the expansion and dissociation 
related to solubilized proteins, resulting in a smaller change in the amount of swelling observed 
during a change in pH. 
Muscle Type 
Various muscles from the same animal have unique characteristics that allow them to be 
classified into different types. There are four common methods for classification: 
1) A widely known method is based on the physical appearance and identified by the color 
(Xiong, 1994). Pale muscle tissue is classified as white and muscle with a deeper color is 
labeled red. The color difference, attributed to an increase of myoglobin contained in the 
red muscle fibers, is associated with the purpose of the muscle. 
2) Similarly, the speed of the muscle contractions serves as another method of classifying 
muscle types. Quick responding muscles used for "fast" movements are called fast-twitch 
and slow responding muscles used for posture or steady movements are slow-twitch. 
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3) The third method for classification is based on the biochemical properties and indicates 
three types named by Peter et al. (1972). These types are slow twitch oxidative (type I), 
fast twitch oxidative (type IIA) and fast twitch glycolytic (type IIB). Salviati et al. (1982) 
identified an intermediate category of Type IIC, based on histochemical staining and 
peptide mapping of the myosin heavy chain. 
4) Ashmore (1974) gives a final common classification where the three groups in the 
classification method are similar to the methods of classification based on the 
biochemical and histochemical properties. The categories are labeled ~3—red, a-red and a —
white and correspond to type I, IIA and IIB or red, intermediate and white. 
Myofibrillar gels from white muscles compared to those from red muscles at the same 
concentration show greater gel strength. This effect has been studied extensively on different species 
including fish (Lefevre et al. 1998; 2002), poultry (Asghar et al., 1984; Xiong, 1992; Lesiow and 
Xiong, 2003), beef (Fretheim et al., 1986; Egelandsdal et al., 1995), pork (Robe and Xiong, 1992; 
1993;. 1994) and rabbit (Boyer et al., 1996). Regardless of animal species the general effect was 
consistent in spite of changes in ionic strength (Lefevre et al., 2002), protein concentration (Lefevre et 
al., 1998) and the addition of phosphates (Robe and Xiong, 1992; 1994). Fretheim et al. (1986) and 
Lesiow and Xiong (2003) discovered that the degree of sensitivity to pH change is dependent on 
muscle type. 
Melody et al. (2004) measured the distribution of fibers (Type I, IIA and IIB/X) in the 
semimembranosus (SM), longissimus dorsi (LD) and psoas major (PM). Table 1 shows that porcine 
longissimus dorsi (LD) and semimembranosus (SM) are of similar fiber type, with LD exhibiting 
more white fibers. However, both LD and SM consist primarily of white fibers and have similar 
percentages of red and intermediate fibers. The psoas major (PM) is classified as intermediate based 
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on the higher percentage of intermediate fibers and similar percentages of red and white fibers 
(Xiong, 1994). 
Table 1. Distribution of fiber types in selected porcine muscles based on myosin heavy chain isoform 
(Melody et al., 2004) 
Red Fibers White Fiber Intermediate Fiber 
Muscle (i) 
Psoas major 11.1X 25.SX 63.4X 
Semimembranosus 6.6y 38.0'' SS.SXy 
Longissimus dorsi 6.8'' S 0.6Z 42.6y 
a "Red fiber" includes type I or --red fibers; "white fiber" includes type IIB or a-white f bers; and 
"intermediate fiber" includes type IIA or a—red fibers. 
XyZ means within a column with a common superscript do not differ significantly (P<0.05) 
Rheology 
Rheology is the study of the flow and deformation of matter, allowing for an understanding 
of how materials respond to applied stress or strain. Many fields of study utilize rheology, including 
the studies of food/meat science, as all materials have rheological properties. Within the food 
industry, rheology can be used to determine ingredient functionality, test shelf life, establish product 
quality control measures, perform process engineering calculations and evaluate food texture (Steffe, 
1996). These applications increase the ability of processors to improve product quality as well as 
product and process development. 
Rheological measurements can be taken with instruments that fa11 into shear, compressive 
and tensile type. Rotational instruments can be operated in steady shear or oscillatory (dynamic} 
modes and consist parallel or cone and plate, concentric cylinder and mixer geometries. Oscillatory 
testing is one method of determining viscoelastic properties. viscoelastic measurements should be 
performed within the linear range, where the results are not dependent on the magnitude of the stress, 
the magnitude of the deforming strain or the rate of application of the strain and will produce a 
proportional strain response to an applied stress. This linear range is determined from experimental 
data, as applying excessive strain or high deformation will cause the testing to enter the non-linear 
range. Non-linear, or large deformation testing can be useful for modeling chewing and/or 
swallowing, but is only valid in comparative studies due to the complexity of non-linear 
viscoelasticity. 
Oscillatory Testing 
Rheology can be used to evaluate how proteins interact during heat-induced gelation and gel 
firming. Small strain oscillatory testing is commonly used to determine viscoelastic properties of 
materials because this method is highly sensitive to physical structure and chemical composition 
(Steffe, 1996). Therefore, it is useful in evaluating applications involving gelation, gel strength, 
denaturation or coagulation of protein and texture development in meat products. Shear is the 
predominate method of deformation for oscillatory testing in food due to the availability of 
commercial rheometers. 
In controlled deformation mode, a sinusoidal strain is applied to the sample causing stress 
response, which is dependent on the nature of the material. An ideal elastic material will store energy 
caused by the imparted signal, where as an ideal viscous material dissipates the imparted signal. 
Viscoelastic material reacts between these extremes. 
Material properties may be reported by several variables providing information about 
viscoelasticity. The storage modulus (G', Pa) represents the elastic component of the material, and the 
loss modulus (G ", Pa) represents the viscous component of the material. The phase shift angle (b, 
deg) between the input signal and the response signal is a strong indicator of the nature of the 
material. The phase lag of an ideal elastic material is 0° and that of a Newtonian material, one with a 
constant viscosity, is 90°. Typical gels, of any kind, have a b value of less than 10° (Steffe, 1996). 
Oscillatory testing and meat proteins - 
The effects of ionic strength (0.13-0.60 M NaCI), protein concentration (2.3-19 mg/ml) and 
the additions of adenosine triphospate (ATP} or pyrophosphate (PP} on beef myosin gelation were 
examined by Egelandsdal et al. (1986). Myosin samples were heated at a constant rate of 1 °/min while 
viscoelastic measurements were taken using oscillatory testing methods. In a number of the tests, a 
decline in G' was identified in the thermograms at approximately SO°C, followed by increasing gel 
strength near 60°C. This was most noticeable in the treatments with lower ionic strength (0.13 and 
0.10 M NaCI} as well as those of increased protein concentration (19 and 14 mg/ml). 
The identified cause of this transition of G' at these certain temperatures was the separate 
denaturation of the individual parts of the myosin molecule. Denaturation of the tail portion of the 
myosin molecule, or light meromyosin (LMM), is a possible reason for the decrease and subsequent 
increase in G' exhibited in these thermograms. 
The data show that low ionic strength (0.14-0.34 M NaC1} result in stronger heat induced 
gels. Solubility of myosin is reduced with low ionic strengths and low pH values. The increase in gel 
strength indicates the increased ease of forming a network when myosin is not as soluble. 
- The additions of ATP and PP also affected the resulting gel strength based on the ionic 
strength; these effects were examined due to previous reports of increasing the solubility of myosin. 
ATP was found to exhibit negative effects on gelation, suggesting that the ability to dissociate myosin 
filaments inhibits interfilamental interactions that occur prior to L11~IM denaturation and PP showed a 
difference in denaturation during the temperature range of 54-5 8°C, where the gel strength of the PP 
treatment did not begin to increase until a higher temperature than that of the control. This gel 
strength increase was also performed at a greater rate resulting in a stronger gel at the final 
temperature of 75°C in the PP treatment. Increasing protein concentration from 2.3 to 19 mg/ml was 
shown to increase the gel strength more than tenfold, illustrating that increasing protein concentration 
improves the ability to form a gel network and results in stronger gel formation. 
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Using oscillatory testing, influences of non-meat proteins (soya isolate, sodium (Na) 
caseinate and high gelling whey protein concentrates}, carrageenans, polysaccharides and whey 
protein concentrates blends on the storage modulus of porcine muscle exudates have been 
investigated by Kerry et al. (1999a, 1999b and 1999c). They examined these added ingredients due to 
the possibility for these ingredients to add to a system's binding, extending, textured modifying and 
nutritional characteristics. Sodium alginate (0.5%) and sodium caseinate 85% (1 %) were the only 
compounds tested to show negative effects on gelation, giving lower values of G' compared to 
control treatments. Addition of the other ingredients was found to increase gel strength by allowing 
improved interactions within the system far gel formation. A series of transitional phases were 
identified in many of the treatments at approximately 50°C. These are similar to the peak and 
subsequent depression in the curve exhibited in the study by Egelandsdal et al. (1986). 
Smyth et al. (1998} evaluated the effects of (3-lactoglobulin (~i-lg) and a-lactaibumin (a-la) 
enriched proteins in varying ratios on salt soluble proteins (SSP) from chicken breast muscle to 
evaluate the influence of interactions between the non-meat proteins and SSP and/or changes to the 
molecular environment on the gelation of the system. ~-lg showed increased gel strength from the 
SSP alone at ratios of 80:20 and 60:40 (SSP:~i-lg) while other mixtures resulted in lower G' values 
than SSP control,. but greater than the a=1a mixtures of equivalent ratio. The water holding capacity 
results show no significant difference between (3-lg mixtures and SSP alone, however, a-la mixtures 
exhibit lower water holding capacity than SSP gels. This indicates that the addition of ~-lg influences 
the interactions that take place within the gelation process as the molecular environment was not 
found to be altered significantly. The authors intended to evaluate the rheological and water-holding 
properties of these mixed gels in order to realize the effect of mixing different proteins and to 
establish a basis for prediction of gelling behavior of similar mixed protein systems. This research 
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again showed the same transitional phases as Egelandsdal et al. (198f) between 50 and 5 8°C, 
resulting in a peak and depression in the rheogram of G' versus temperature. 
Rheological testing ana~ pH 
LeFevre et al. (2002) used small strain oscillatory testing in order to examine effects of pH 
during gelation of trout myofibrils. They established that stronger gels were formed from myofibrils 
of lower pH (5.5) and this was attributed to an assumption of increased ability to create hydrophobic 
interactions and disulfide bonds over electrostatic interactions. It would be necessary to study this 
further to prove the increased ability of these interactions by examining the actual aggregation of 
proteins during gelation. 
Gelation of chicken muscle homogenates and isolated proteins of red and white muscles were 
tested by Lesiow and Xiong (2003) using both compression testing and oscillatory testing. The results 
from the oscillatory testing indicate that the pH affected the gelation properties of the mixtures, the 
strongest gels resulting from pH 6.00 in breast muscles and pH 5.50 in thigh muscles, exhibiting a 
difference in effect in homogenates of different muscle type. This indicates that the muscle type does 
not react proportionally to changes in pH, resulting in different conditions of greatest gel strength. 
The effect of pH on myosin gelation of rabbit muscle was examined using a method of 
measuring the shear modulus at a variety of temperatures (Ishioroshi et al., 1979). This study 
measured shear modulus aver a pH range of 5.0-8.0 and a temperature range of 20-70°C and showed 
that the pH and temperature for the strongest resulting gel was 6.0 and 60-70°C, respectively. 
Measurements of penetration force identified decreasing gel strength in myofibrillar protein 
gels from chicken legs with increasing pH, while myofibrillar protein gels from chicken breast 
muscles were shown to increase gel strength when pH was changed from 5.50 to ~.0, but decrease in 
strength when pH increased to 6.50 (Xiong and Brekke, 1991). Rigidity of gels produced with myosin 
from chicken breast and leg muscles were measured by Asghar et al. (1984). While myosin samples 
from red muscles produced consistently weaker gels than the white myosin samples, the pH of the 
I1 
strongest gel was different between the muscle types (S .9 in red and 5.6 in white), indicating that 
sensitivity to pH is dependent on variations in protein profile observed in different fiber types. 
Daum-Thunberg et al. (1992) performed torsional failure analysis on comminuted turkey 
breast and thigh muscles to identify the effects of pH on the rheological properties of meat during 
chopping. The authors report that in both the thigh and breast muscles, the lower pH (5.92 and 5.94, 
respectively) exhibited Lower shear stress and shear strain values, indicating weaker and less elastic 
gels than those formed at higher pH (6.41 and 6.40, respectively). Stress values were shown to be 
highest at batter pH of approximately 6.4 for both breast and thigh muscles, while the strain values at 
failure were greatest in batters of pH 6.5. Strain values in breast muscle mixtures were not 
consistently greater than those measured from the thigh muscle mixtures. Thigh muscle samples with 
a pH <6.2 exhibited greater elasticity than the breast muscles at the same pH illustrating the increased 
elasticity of red muscle compared to that of white muscle. 
Lavelle and Foegeding (1993} used torsion methods to examine the effects of pH, salt and 
temperature on the gelation of turkey myofibrils. The shear stress and shear strain was found to 
increase between pH 6.0 and 6.4, similar to the findings of Daum-Thunberg et al. (1992). However, 
this is contradictory to Asghar et al. (1984) and Xiong and Brekke (1991). The authors identify these 
contradictions as a result of various rheological methods measuring different gel properties or to 
differences in types of proteins and concentrations used to form the gels. 
Rheol ogical testing and muscle type 
Oscillatory testing has been implemented to quantify differences found in gel properties from 
proteins of fast-twitch (red) and slow-twitch (white} muscles as well. Fretheim et al. (1986) and Liu 
and Xiong (1996} evaluated gelation and final gel strength of white and red muscle protein systems of 
bovine and chicken muscles, respectively. These studies identified differences in the physical 
properties of these protein systems, indicating that proteins of white muscles formed stonger, more 
elastic gels than proteins Pram red muscles. These differences were attributed to polymorphism of the 
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proteins during gelation as the protein prof le differs between muscle types. Myosin preparations 
were used to determine if ionic strength, pH and protein concentration affected the geI strength in 
bovine muscles. Myosin from red muscle consistently resulted in weaker gels than those samples 
from white muscle proteins (Fretheim et al., 1986}. Liu and Xiong (1996) showed that myofibrillar 
gels from leg muscles (red} produced lower G' and G" values than those of breast myofibrils, 
independent of pH, ionic strength and the presence of antioxidants. Each of these studies mentioned 
showed a drop or decline in G' in many of the treatments at approximately 50°C similar to that 
discused by Egelandsdal (1986). 
Lesiow and Xiong (2003) used both oscillatory testing and compression testing to determine 
the effect of pH and muscle fiber type on the gelation properties of chicken muscle homogenates. The 
authors concluded that the greatest gel strength was reached with a pH of 6.30 for breast muscle 
homogenates and for thigh muscle homogenates, pH 5.80-6.30 exhibited the strongest gels. This 
illustrates that the gelation of different muscles are affected differently by pH. 
Salt-soluble proteins from three porcine muscles (vastus intermedius, serrates ventralis and 
longissimus dorsi) were examined using oscillatory testing (Robe and Xiong, 1993 ). Muscle type was 
shown to affect G' and major differences were found in peaks observed in the G' as the temperature 
increased. These peaks, similar to those discussed by Egelandsdal et al. (1986}, varied in temperature 
and extent of occurrence dependent on the muscle type and independent of protein concentration. The 
author attributed the observed peaks to the unfolding and subsequent network formation of proteins 
resulting in a temporary decrease in elasticity followed by a steady increase. 
These studies illustrate that regardless of sample type, myosin or myofibrillar proteins, in 
solution or in suspension, the effects of muscle type remain the same. This indicates that observed 
differences are caused by myosin behavior. Moreover, each of these studies exhibit that the effect of 
muscle type on viscoelastic properties is independent of ionic strength, protein concentration and 
presence of phosphates. While these factors affect the gel strength, gels from white muscle proteins 
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are consistently stranger than those of red muscle proteins. This indicates that these factors affect the 
proteins similarly, independent of muscle type. Considering the studies identifying different pH 
values in red and white muscle proteins forming the strongest gel, it can be concluded that pH 
possibly affects the proteins differently. 
The frequency in observations of the peak established by Egelandsdal et al. (1986) illustrates 
_that during the approximate temperature range of 50-65°C activity occurs within the protein that 
causes the gel strength to decrease. The storage modulus increases again once a temperature of 55-
65 °C is reached. This occurrence and extent of occurrence is affected by pH (Lesiow and Xiong, 
2003), ionic strength (Lefevre et al., 2002), protein concentration (Lefevre et al., 1998) and the 
addition of phosphates (Robe and Xiong, 1992; 1994) and is observed in a variety of animal tissue 
such as, rabbit (Boyer et al., 1996), chicken (Lesiow and Xiong, 2003 ), beef (Fretheim et al. 1986), 
trout (Lefevre et al., 2002} and pork (Robe and Xiong, 1992; 1994). 
Water-Holding Capacity 
Water-holding capacity (WHC) is an important factor in determining quality of a processed 
meat product as the loss of moisture and protein can have negative effects on the final gel structure, 
such as undesirable effects on the appearance, important protein Losses and alterations to textural 
properties of the final product. To measure the water-holding capacity of a system an external force is 
often applied, such as in suction, compression and centrifugation methods. Measurements of drip loss, 
which is loss of moisture during a period of time while the muscle is hung in suspension, as well as 
yields after heating are also indicative of the water-holding properties of meat proteins. V~►~IC is 
defined as the amount of water bound per gram of protein and is related to the amount of moisture 
loss (ML} during gravemetric expression. This can be expressed using the following equation relating 
the weight of the remaining protein (cooked gel, or CG) and the moisture loss to WHC: 
WHC %~ _ [1— ~/~~ • 100 [ 1 ] 
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WHC' and pH 
The relationship between water-holding capacity and pH is linked to the net charge effect. A 
decrease in pH is, by definition, a decrease in negative charge. At the isoelectric point of collective 
meat proteins (approximately pH 5.2) the groups of positively charged proteins is equal to those of 
negative charge within the protein system. As the pH changes from the isoelectric point, the net 
charge increases leaving excess charges unpaired with other protein groups within the system. These 
unpaired charges are available for hydrogen binding with water, indicating that the further from the 
isoelectric point the pH is, the greater the water binding capabilities (Offer and Knight, 1988). 
WHC and muscle type 
Chang et al. (2003) measured the meat quality traits, as affected by the fiber type of porcine 
LD and PM muscles in four breeds. Drip loss measurements established that the PM had significantly 
Lower drip loss than the LD in 3 of 4 breeds tested (Duroc, Berkshire, and Tamworth). Samples from 
Large White breed did not exhibit this trend. A direct relationship between the meat quality properties 
and the presence of type IIa and Tlx fibers was identified indicating that better meat quality traits, 
such as pH, drip loss, grain, color and yield force are found in muscles with an increased percentage 
of these fibers. Alternately, the presence of type IIb could account for the lesser quality of the LD 
muscle. 
Drip loss measurements taken by Melody et al. (2004) in SM, LD and PM at 24 h and 96 h 
post mortem showed comparable water holding capacity in the LD and SM muscles, increasing 
during storage from 24-96 h from approximately 1.5 to 2.8%. PM muscles demonstrated similar drip 
loss percentage at 24 h to the other muscles, but exhibited very little change during storage (0.04%) 
and less drip loss percentage than SM and LD after the same storage time. 
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Thesis Objectives 
The objectives of this study were 1) to determine the viscoelastic and water-holding 
properties of porcine myofibrillar proteins in solution during heat-induced gelation, 2) to evaluate the 
effects of pH and muscle type on these properties, and 3) to identify any relationships between the 
water-holding and viscoelastic properties of these proteins. 
Thesis Organization 
This thesis is written in alternate thesis format. The papers contained within this thesis are 
written in the format required for Meat Science. General conclusions and recommendations for future 
research follow the paper. 
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INFLUENCE OF pH ON RHEOLOGICAL PROPERTIES A,ND WATER-HOLDING 
CAPACITY DURING HEAT-INDUCED GELATION OF PORCINE l~ZYOFIBRILLAR 
PROTEIN 
A paper to be submitted to Meat Science 
A.D. Westphalen, J.L. Briggs and S.M. Lonergan 
Abstract 
Texture of meat products is dependent on the gelation characteristics of myofibrillar protein. 
Gaining an understanding of the gelation mechanism of meat gel systems is beneficial for the 
development of processed meat products as well as maintaining quality in meat products. The aim of 
this study was to investigate the impact of pH (5.6, 6.0, 6.5, and 7.0) on heat-induced gelation 
properties of myofibrillar proteins from porcine semimembranosus muscle. Dynamic rheological 
measurements were taken- as the temperature increased by 1 °C/ min from 20 - 85°C, followed by a 
holding phase at 85°C .for 3 minutes to ensure complete gelation and during a subsequent coiling 
where the temperature dropped from 85 - 5°C at a rate of 5°C/min. Storage modulus (G') increased as 
gel formation occurred, but decreased after reaching the temperature of myosin denaturation (52°C) 
until approximately 60°C when the gel strength increased again. This resulted in a peak and 
subsequent depression in the thermogram. This depression in the curve was more pronounced with 
increasing pH. Results indicate protein denaturation and gel formation are pH dependent.. 
Furthermore, rate of gelation appears to influence water-holding capacity. 
Keywords: heat-induced gelation, myofibrillar protein, pH, rheology, water-holding capacity 
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Introduction 
The texture of cooked meat products is highly dependent on the gelation of myofibrillar 
proteins. Additionally, lipid and water retention establish the yield, texture, and cohesion of the final 
product and both are influenced by the gelling capacity of these proteins (Foegeding, 1988). The 
presence of myosin is essential in protein gel formation of meat systems while other myofibrillar 
proteins (actin, thin, tropomyosin, troponin and nebulin) are suspected to have a strong influence on 
the viscoelastic properties of gels formed with the myosin. Gaining an understanding of the gelation 
properties of myosin and meat gel systems is beneficial for the development of processed meat 
products as well as maintaining quality in meat products. 
Offer and Trinick (1983) suggest that the myofibrillar proteins are responsible for water 
retention in processed meat. It is known that the water-holding capacity of meat increases as pH 
differs from the isoelectric point, approximately pH 5.2 (Offer and Knight, 1988). The increase in net 
charge allows the protein to create more sites of hydrogen bonding with the surrounding water. 
Another factor that could be attributed to the increase in water-holding capacity is the swelling of the 
myofibrillar proteins that is seen to occur when pH is increased. Offer and Trinick (1983) investigated 
this swelling by examining myofibrils in suspension. In soluble myof brillar proteins, myosin is 
extracted and the structure of the myofibrils is compromised,- diminishing the effect of any 
myofibrillar swelling. This relationship between pH and water-holding capacity could be important 
when studying the viscoelastic properties of protein gels under these conditions. 
Many previous studies on myofibrillar protein gels have used large deformation testing, either 
in compression, puncture, or torsion.. Using these types of gel-strength testing techniques, the .final gel 
strength may be quantified, and the effect of treatment variables may be assessed. However, gelling 
kinetics may not be assessed. Ishioroshi, Samej ima and Yasui (1979) examined the effects of pH and 
salt concentration on the heat-induced gelation of rabbit myosin by measuring the shear modulus at 
different temperatures during heating, concluding that the strongest gel was formed at a pH of 6.0 
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occurring between the temperature range of 60-70°C. Measurements of stress and strain were 
performed (Feng and Hultin, 2001) on myofibrils of chicken breast muscle at varying pH (6.4-7.0). 
This study indicated that gels formed at neutral pH were stronger than more acidic gels. This increase 
in gel strength is attributed to electrostatic repulsive forces and swelling that occurs in myofibrils as 
pH increases. Another study reported that the strongest gel was formed at pH 6.0 in breast myofibrils 
and 5.6 in leg myofibrils from chicken muscles when a measurement of penetration force was taken 
in samples of pH 5.5, 6.0 and 6.5 from each muscle (Xiong and Brekke, 1991). 
Small strain oscillatory (dynamic) testing is useful in evaluating the gelation process and gel 
strength, because this method is extremely sensitive to the physical structure and chemical 
composition of the sample. A temperature sweep allows the transition from solution to gel to be 
monitored in terms of rheological properties as temperature changes in small increments. Therefore, 
this technique is easily applied to measure the properties ofheat-induced gelation such as meat 
protein systems. LeFevre, Fauconneau, Ouali and Culioli (2002) used small strain oscillatory testing 
to establish that stronger gels were formed from myofibrils at a lower pH (5.6) than those formed 
from proteins at pH 6.0. This was attributed to an increased ability to create hydrophobic interactions 
and disulphide bonds over electrostatic interactions. 
The objectives of this research were to determine the rheological properties of porcine 
myofibrillar protein during heat-induced gelation and the relationships between the measured 
viscoelastic properties and water holding capacity as affected by pH. 
Methods and Materials 
Myofibril Isolation 
Porcine semimembranosus muscle was used according to the differential centrifugation 
method of Goll, Young and Stromer (1974) to purify myofibrils at 4°C (Sorvall Legend RT, Kendro 
Laboratory Products, Hanau, Germany). Muscle (600 g) was trimmed, homogenized and washed 
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using four volumes of a post-rigor extraction buffer (100 mM Tris, 10 mM EDTA, pH 8.3 } in a 
Waring Blender (Waring Commercial, New Hartford, CT) and a Kinematica Homogenizer (Brinkman 
Instruments, Inc., Westbury, NY). Samples were centrifuged for 20 min at 1 OOOxg and the pellet was 
re-suspended and washed three times in four volumes of a standard salt solution (SSS) (100 mM KCI, 
20 mM K2HPO4/]KH2PO4, pH 7.0, 2 mM MgCl2, 1 mM EGTA, 1 rr~1VI NaN3). The pellet was 
collected following centrifugation (1 OOOxg for 10 min) between each wash. The pellet was re-
suspended and washed two times in four volumes of SSS + 1 %Triton X-100 and centrifuged 
(1 SOOxg for 10 min). The pellet was then re-suspended and washed in four volumes of SSS and 
centrifuged (1500xg for 10 min}. Washed myofibril pellets were re-suspended in 150 ml of 100 mM 
KCI, 5 mM Tris, pH 7.0 and 150 ml of glycerol was added to sustain the mixture at -20°C for storage. 
Sample Preparation 
Four samples of suspended myofibril proteins (50 mL) were isolated by centrifugation at 
3000xg for 10 minutes at 4°C for preparation of samples at four different pH values (7.0, 6.5, 6.0 and 
5.6} according to the method established by Doerscher, Briggs and Lonergan (2003). Each sample 
was washed four times with 3 0 mL of S 0 mM sodium phosphate solutions of the corresponding pH. 
Samples were centrifuged between washings for 10 min at 3000xg. Myofibrils were adjusted to 0.6 M 
NaCI and thoroughly mixed with a plastic stir rod. Protein content (Leco, St. Joseph, MI) was 
determined for each protein, then standardized to 2.8% using 50 rr~1VI sodium phosphate, 0.6 M NaCI, 
pH corresponding to treatment. Sodium azide (1 mM) was added to each treatment for preservation. 
Protein samples were stored at 4°C prior to analysis. 
SDS-P.~4GE 
SDS-PAGE samples were prepared for each pH sample by adjusting the protein 
concentration to 6.4 mg/m1. Each diluted sample was combined with 0.5 volumes of sample 
buffer/tracking dye solution [3 mM EDTA, 3% (w/v) SDS, 30% (w/v} glycerol, 0.003% pyronin Y 
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and 20 mM Tris-HCI, pH 8.0] and 0.1 volumes of 2-mercaptoethanol resulting in 4 mg/ml as the final 
protein concentration. Samples (20 µg) were loaded into the separate wells of a Hoefer SE 260B 
Might Small II (Pharmacia Biotech, San Francisco, CA} 10% polyacrylamide separating gel [ 10% 
acrylamide/bis (100:1 acrylamide:bisacrylamide)~, 0.375 MTris-HCI, pH 8.8, 0.1 % (w/v) sodium 
dodecyl sulfate (SDS), 0.05% (w/v) ammonium persulfate and 0.05% (v/v) N, N, N', N'- 
tetramethylenediamine (TEMED). The 10% separating gel had a 5% polyacrylamide stacking gel [5% 
acrylamide/bis (100:1 acrylamide: bisacrylamide)], 0.125 MTris-HCI, pH 6.8, 0.1 % (w/v) SDS, 
0.125% (v/v} TEMED, and 0.075% ammonium persulfate. Gels were run at 125 V for approximately 
190 min at room temperature, using 192 mM glycine and 0.1 %SDS (w/v) 25 mM Tris, pH 8.3 as the 
running buffer. 
Gels were stained in an excess of 0.1 % (w/v) Coomassie brilliant blue R-250, 40% (v/v} 
ethanol and 7% (v/v} acetic acid for 12 h and de-stained in the same solution excepting the Coomassie 
brilliant blue R-250. An image of the gel was acquired using an AlphaInnotech FluorChem 8800 
imaging system (Alpha Innotech Corporation, San Leandro, CA). 
Oscillatory ~lieology 
viscoelastic properties of the prepared myofibril solution were measured during heat-induced 
gelation and subsequent coaling using a Haake RS-15 0 controlled stress rheometer (Thermo F lectron, 
Madison, WI) in small strain oscillatory mode. Measurements were conducted within the linear range 
at a strain of 0.0025, and a constant frequency of 1 Hz. Samples were heated at a rate of 1 °C/min 
from 20°C to 85 °C between 3 5 mm parallel plates (gap = 1.5 mm), held at 85 °C for 3 min and then 
cooled fram 85°C to 5°C (5°C/min}. The exposed surfaces of the protein samples were coated with a 
liquid paraffin to prevent drying. Preliminary studies showed rheological properties were independent 
of cooling rate. During each phase, the storage modulus (G') in Pa and the phase shift angle (~) in 
degrees were monitored. Linear regressions were conducted on segments of linear relationship within 
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the data; inflection points were identified at the points of intersection of subsequent linear phases to 
identify the temperature when a transition occurred. All treatments were tested in triplicate. 
Water-holding capacity 
Water-holding capacity (WHC} was measured based on protocol described by Kocher and 
Foegeding (1993 ). Heat-induced gels were prepared from four pH treatments (7.0, 6.5, 6.0 and 5.6) 
by heating protein samples in centrifuge tubes with a filter insert (Polypropylene Tube and Centrifuge 
Tube Filter, 0.22 µm Nylon, Corning Inc., Corning, NY) in a 20°C water bath (Isotemp® 1 l0, Fisher 
Scientific, Pittsburgh, PA) by heating at a rate of <1 °C/min to 70°C. Prior to heating, sample weights 
of the centrifuge tubes, filters and protein samples were all recorded. Following gelation, the samples 
were stored at 4°C for 24 hours. 
Protein gels were centrifuged at 1000xg for ten minutes at 4°C. Weights (in grams} of the 
centrifuge tubes and the moisture captured within, as well as the filters with the cooked gel, were 
measured for calculation of the moisture loss and the cooked gel weight. The following formula was 
used to determine WHC (%): 
WHC~%~ _ [1— ^~%c~ • 100 [ 1 ] 
Where ML was the amount (g) of moisture loss from the gel during centrifugation and CG 
was the weight of the cooked gel (g). One replicate consisted of three observations per treatment. All 
treatments were tested in triplicate; mean values from these replicates are represented in the data 
reported. 
Statistical Analysis 
Statistical analysis was performed using JMP Statistical Discovery Software 5.0 (SAS, 2002). 
The rheology experiments were conducted three times and each run was considered a replicate. The 
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three water-holding capacity replications each consisted of three observations per treatment. 
Significant differences (P<0.05) between means were identified using Tukey-Kramer HSD and 
analysis of variance (ANOVA) was conducted to determine significance of pH on experimental 
results. Segments of linear relationship were identified in the data, linear regressions were conducted 
to determine these relationships. The inflection points were identified by calculating the intersection 
point of two tangent linear regressions, these calculations determined the temperature at the point of 
transition in the behavior of the proteins during gelation. 
Results and Discussion 
SDS--PAGE 
SDS-PAGE gels were run in order to identify protein profile of the muscle used in this study 
and to determine the influence of pH on protein profile. The results indicate that each treatment had 
similar protein compositions and concentrations as each band indicating presence of proteins are 
similar throughout each treatment (Fig. 1 }. From this, it is established that the method used for 
altering the pH does not prompt changes in protein profile and confirms protein content. 
Oscillatory Rheology 
All samples began to form a gel, as indicated by an increasing storage modulus and 
decreasing phase shift angle, shortly after reaching a temperature of 40°C (Fig. 2 & 3 ). This gelation 
continued until the temperature reached approximately 52°C where a weakening of the gel was 
observed in those samples with higher pH (7.0 and 6. S). At pH 6.0 and S .6, a decline in storage 
modulus at 52°C was not detected. Instead, these were found to stabilize as shown by a constant 
storage modulus value between the temperatures of 45 to about 55 °C. The possibility of closer 
association between proteins at lower pH or increased ability of hydrophobic interactions and 
disulfide bonds, both of which would allow for increased ability for gelation, may be contributing 
factors to this observation. In addition, Egelandsdai, Fretheim and Samejima (1986) attribute the 
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decrease and subsequent increase in the storage modulus when evaluating the gelation of beef loin 
protein to the denaturation of light meromyosin (L11~IM) followed by the formation of a gel of 
primarily denatured myosin molecules, suggesting increased gel strength and irreversible interactions. 
The mechanism by which myosin forms a gel is suspected to involve the aggregation of the heavy 
meromyosin (HMM), which is the head of the protein, and the formation of a network amongst the 
LMM, or tail portions of the protein (Samejima, Ishioroshi & Yasui, 1981). Wright and Wilding 
(1984) reported that the transition temperatures of the subfragments of myosin were affected by pH. 
They established, after examining pH 5.5, 6.0, 6.5 and 7.0, that LMM is more stable than HMM at pH 
6.0, but becomes less stable with increasing pH. These findings correlate with the extent of 
denaturation exceeding the gel formation in the current study (Fig. 2). Furthermore, model systems 
from a variety of protein sources have also reported similar depressions in storage modulus during the 
heating phase. These include Liu and xiong (1996), Kerry, Morrissey and Buckley (1999a, 1999b & 
1999c) and Lefevre et al. (2002). 
Gelation, defined by an increase in storage modulus (Fig. 2) and a decrease in phase shift 
angle (~) (Fig. 3), increased after 60°C at each pH until a plateau was reached at approximately 75°C. 
The rate of gelation from 60-75°C, as indicated by the slope of the storage~modulus versus 
temperature, increased from 17.75 Pa/°C at pH 7.0 to 68.85 Pa/°C at pH 5.6. Proteins at a lower pH 
are possibly associated closer than in higher pH systems, which could explanation this increase in 
gelation rate with decreasing pH, this rate increase could also be caused by, or have implications on 
the water-holding capacities of these proteins. All gels showed a phase shift angle of approximately 
4° (Fig. 3) following the heating phase of testing. The storage modulus remained constant during the 
holding phase, indicating completion of gelation at that temperature (85°C). Samples of pH 5.6 and 
6.0 resulted in strongest gels with average storage modulus values of 1860 and 1311 Pa, respectively. 
At pH 6.5, the gel was weaker than the gels formed from proteins at lower pH (5.6 and 6.0} as 
indicated by the Lower storage modulus value. The average storage modulus (285- Pa) after heating for 
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protein samples at pH 7.0 was only slightly greater than the initial storage modulus. Despite the 
minimal change in storage modulus after heating in pH 7.0 samples, aloose-networked gel was 
visually observed during testing and is supported by the decreased value in the phase shift angle 
during the heating process, beginning near 17° and ending near 4° indicating that this small change in 
storage modulus still resulted in some gelation of the sample. 
Figure 4 illustrates the gel firming that occurred during the cooling phase from 85-5°C at a 
rate of 5°C/min, maintaining the same trend of decreased gel strength as pH increased. Evaluation of 
the change in storage modulus at 8560 and at 5°C (Table 1), increase (in percent) was similar between 
all pH treatments. This suggests that the storage modulus value at the end of the heating phase is a 
predetermining factor to the final gel strength after cooling. 
Figure 5 shows the average values of storage modulus at 72, 85 and 5°C. The linear 
relationship discovered between pH and storage modulus at 72°C was stronger than at 85°C or at 5°C. 
This indicates that the influence of pH is stronger during the period of gelation following the 
depression or plateau (~60-75°C} than at the end of the heating process (~80°C) when storage 
modulus reached a plateau or during cooling. 
Inflection points were determined for each transition during the heating phase (Fig. 1). These 
inflection points indicated the temperature when a transition in the behavior of the gel strength 
occurred. Table 2 shows that the transition temperatures are not responsive to pH. 
Water-holding capacity 
The results of the water-holding capacity analysis are consistent with Offer and Trinick's 
(1983) observations that water-holding capacity increases with increasing pH. Their trend showed a 
direct linear relationship between water-holding capacity and pH (Fig. 5). This relationship is 
attributed to a possibility of increased hydrogen bonding between the protein and water at high pH. 
mother indicator of the importance of the period of gelation during the temperature range of 60-75°C 
29 
is the correlation between water-holding capacity (WHC) and the rate of increase in storage modulus 
during the temperature range of gelation (60-75°C) following the depression (Fig. 6), no other 
temperature range with a linear change in storage modulus showed significant correlations between 
the rate of formation and V~►THC or pH. This relationship not only illustrates the importance of this 
temperature range in the gelation of meat proteins, but also indicates that the rate in which a gel forms 
possibly influences, or is influenced by, the water-holding capacity. The relationship (R2=0.971 S), 
shown in Figure 6, yields an equation of: 
d~' WHC = -0.164 + 91.31 
dT 
[Z7 
Figure 6 demonstrates a linear relationship indicating that the water-holding capacity and the 
rate of gel formation between 60 and 7S°C are related. This relationship may be due to a possible 
effect of water-holding capacity on the denaturation of myosin or slower aggregation of more highly 
hydrated proteins. Qn the other hand, slower aggregated proteins may allow increased water binding. 
Conclusions 
The data collected support a relationship between pH and the textural properties of porcine 
myofibrillar protein gels. This relationship is most apparent after 60°C, and strongest during gelation. 
The gelation period of most importance is during the temperature range of 60 - 7S°C where pH and 
the storage modulus have the strongest relationship and water-holding capacity and the rate of 
gelation are directly correlated. Law pH yields stronger gels than myofibrillar protein of increased pH 
after approximately 60°C. Increasing the pH may cause a decrease in storage modulus during heating 
due to separate denaturation of myosin segments as exhibited by the period of decrease or plateau in 
the rheograms. pH does not affect the response of the protein to temperature, shown by the similarity 
of temperatures at the transitions observed during gelation. Therefore, pH can be altered in meat 
3~ 
products to reach the desired extent of gel strength at a given temperature, or pH must be monitored 
to ensure consistent quality from product to product. 
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Abstract 
The gelation characteristics of myofibrillar proteins are indicative of meat product texture. 
Understanding the gelation mechanism of meat systems is beneficial for maintaining quality and in 
developing processed meat products and processes. This study was intended to investigate the impact 
of muscle type (semimembranosus, longissimus dorsi and psoas major) on heat-induced gelation 
properties of porcine myofibrillar proteins at different pH (6.0 and 6.5). Dynamic rheological 
properties were measured while heating at 1 °C/min from 20-85°C, followed by a holding phase at 
85°C for 3 minutes and a cooling phase from 85°C to 5°C at a rate of S°C/min. Storage modulus (G') 
increased as gel formation occurred, but decreased after reaching the temperature of myosin 
denaturation (52°C) until approximately 60°C when the gel strength increased again. This resulted in 
a peak and depression in the thermogram. Following 60°C, the treatments maintained observed trends 
in gel strength, showing semimembranosus to produce the strongest gels. Stronger gels formed in 
samples of pH 6.0 than the sample of pH 6.5 from the same muscle. Strong correlations were 
identified between storage modulus at 57, 72, 85 and 5°C. It is clear the variation in gel strength is 
determined prior to reaching 57°C. Muscle type was found to influence water-holding capacity to a 
greater degree than pH. 
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Introduction 
Hydration, surface properties, binding and Theological behavior are terms used to describe 
protein functionality in meat processing. These properties are key to quantifying quality and 
developing new processed meat products. Specific functional properties such as gelation and water-
holding properties of meat influence the processing yields and consumer satisfaction. 
Offer and Trinick (1983) suggest that the myofibrils are responsible for water retention in 
meat. Therefore, the water-holding capacity of this fraction of meat proteins directs the water-holding 
capacity in meat products. It is known that the water-holding capacity of meat increases as pH differs 
from the isoelectric point (approximately pH 5.2) resulting in an increase in net charge within the 
molecule. This increase in net charge allows the protein to create more sites of hydrogen bonding 
with the surrounding water (Offer and Knight, 1988}. This relationship between pH and water-
holding capacity could be important when studying the viscoelastic properties of protein gels under 
these conditions. Muscle type influences the water-holding capacity properties in the porcine 
semimembranosus (SM), longissimus dorsi (LD), and the psoas major (PM} muscles. Protein 
proteolysis and calpain activity were found to be related to this effect of muscle on water-holding 
capacity (Melody, Lonergan, Rowe, Huiatt, Mayes and Huff-Lonergan, 2004). 
Porcine longissimus dorsi (LD} and semimembranosus (SM) are of similar fiber type. These 
muscles are slow-twitch (white) while the psoas major (PM) is classified as intermediate (Xiong, 
1994). Melody et. al (2004) show the myosin heavy chain isoforms and determined the percentage of 
type I, IIb and IIa/x fibers within. each of these muscles. These data show that the LD has the greatest 
percentage of type IIb isoforms, followed by SM. Type I and type IIaIIIx are most strongly exhibited 
by the PM, while. LD and SM consist of similar amounts of these types of fibers. 
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A number of studies have examined the effects of muscle type during heat-induced gelation 
using dynamic testing, as well as Large deformation testing. Red and white muscles of poultry (Liu 
and Xiong, 1996; Lesiow and Xiong, 2003), beef (Fretheim, Samejima & Egelandsdal, 1986), rabbit 
(Boyer, Joandel, Roussilhes, Culioli ~ Ouali, 1996) and pork (Robe and Xiong, 1993) have aII been 
examined and considerable variation has been found in each species. 
Myosin preparations were used to determine if ionic strength, pH and protein concentration 
affected the gel strength during gelation in bovine muscles, myosin from red muscle consistently 
resulted in weaker gels than those samples from white muscle proteins (Fretheim et aI. 1986}. Liu and 
Xiong (1996) showed that myofibrillar gels from leg muscles (red) produced lower G' values than 
those of breast myofibrils, independent of pH, ionic strength and the presence of antioxidants. 
Differences in the physical properties during gelation in these studies were attributed to 
polymorphism of the protein profile. 
Chicken muscle homogenates were tested to determine the effect of pH and muscle fiber type 
on the gelation properties (Lesiow and Xiong, 2003). Using both oscillatory and compression testing, 
the authors determined that the strongest gel from the breast muscle mixtures had a pH of 6.30, while 
the strongest gel formed from thigh mixtures was between pH 5.80 and 6.30. This illustrates that the 
different muscle types respond differently to pH change. 
Boyer et al. (1996) tested myofibrillar proteins in suspension, salt-soluble myofibrillar 
proteins and myosin, with and without cytoskeletal protein from rabbit psoas major (PM) and 
semimembranosus proprius (SMp) muscles. These treatments were all examined with a pH of 6.0 and 
in 0.6 M ICI. The PM formed considerably stronger gels regardless of treatment, than the SMp. The 
presence of actin and cytoskeletal proteins was muscle dependent and suggested that each myosin 
isoform had specific aggregation and gelation mechanisms. 
Robe and Xiong (1993) examined salt soluble proteins from porcine LD as well as the 
serratus ventralis (SV) and the vastus intermedius (VI) using oscillatory rheology. They report that 
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the storage modulus (G') is affected by muscle type, with VI exhibiting consistently stronger gels and 
SV and LD performing similarly. SV at higher protein concentrations (20 and 30 mg/ml) was found 
to have higher final storage modulus (75°C) than LD at the same concentration, but at 5 and 10 
mg/ml and prior to approximately 65°C in the samples with higher protein concentrations, the LD 
e~ibited strong gels. The authors indicate that another major difference was found in peaks observed 
in the storage modulus as the gel formed. These peaks varied in temperature of occurrence, extent of 
occurrence and number dependent on the muscle type and were attributed to the unfolding and 
subsequent network formation of proteins resulting in a temporary decrease in elasticity followed by a 
steady increase. 
The objectives of this study were to determine the extent to which muscle type influences the 
viscoelastic and water-holding properties. Three muscles, LD (white}, SM (white) and PM 
(intermediate) were used at pH 6.0 and 6.5 to examine this and to determine if pH influenced different 
muscle types differently. 
Methods and Materials 
Myofibril Isolation 
Porcine muscles, 16 days postmortem, were used according to the differential centrifugation 
method of Goll, Young and Stromer (1974) to purify myofibrils from three different muscles at 4°C 
(Sorvall Legend RT, Kendro Laboratory Products, Hanau, Germany). Semimembranosus (SM), 
longissimus dorsi (LD) and psoas major (PM) myofibrils were purified separately using the following 
method. Muscle (100 g) was trimmed, homogenized and washed using four volumes of a post-rigor 
extraction buffer (100 mM Tris, 10 mM EDTA, pH 83) in a Waring Blender (Waring Commercial, 
New Hartford, CT) and a Kinematics Homogenizer (Brinkman Instruments, Inc., Westbury, NY). 
Samples were centrifuged for 20 min at 1000xg and the pellet was re-suspended and washed three 
times in four volumes of a standard salt solution (SSS) (100 mM KCI, 20 mM KZHPO4/KHZP04i pH 
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7.0, 2 mM MgCl2, 1 mM EGTA, 1 mM NaN3). The pellet was collected following centrifugation 
(1 OOOxg for l0 min) between each wash. The pellet was re-suspended and washed two times in four 
volumes of SSS + 1 %Triton X- l 00 and centrifuged (1 S OO xg for 10 min). The pellet was then re-
suspended and washed in four volumes of SSS and centrifuged (1 SOOxg for 10 min). Washed 
myofibril pellets were re-suspended in 150 ml of 100 mM KCI, 5 mM Tris, pH 7.0 and 1 SO ml of 
glycerol was added to sustain the mixture at a temperature of -20°C for storage. 
Sample Preparation 
Two samples of suspended myofibril proteins (100 mL) from each muscle were isolated by 
centrifugation at 3000xg for 10 minutes at 4°C for preparation of samples at two different pH values 
(6.5 and 6.0) for each muscle according to the method established by Doerscher, Briggs and Lonergan 
(2003). Each of the six samples (SM 6.5, SM 6.0, LD 6.5, LD 6.0, PM 6.5 and PM 6.0) were washed 
four times with 50 mL of 50 mM sodium phosphate solutions of the corresponding pH. Samples were 
centrifuged between washings far 10 min at 3000xg. Samples were adjusted to 0.6 M NaCI and 
thoroughly mixed with a plastic stir rod. Protein content (Leto, St. Joseph, MI) was determined for 
each, and then standardized to 2.3%using 50 mM sodium phosphate, 0.6 M NaCI, pH corresponding 
to treatment. Sodium azide (1 rr~1VI) was added to each treatment for preservation. Protein samples 
were stored at 4°C prior to analysis. 
SSS-P~4GE 
SDS-PAGE samples were prepared for each pH/muscle sample by adjusting the protein 
concentration to 6.4 mg/ml. Each diluted sample was combined with 0.5 volumes of sample 
buffer/tracking dye solution [3 mM EDTA, 3% (w/v) SDS, 30% (w/v) glycerol, 0.003% pyronin Y 
and 20 mM Tris-HCI, pH 8.0] and 0.1 volumes of 2-mercaptoethanol resulting in 4 mg/ml as the final 
protein concentration. Samples (20 p,g) were loaded into the separate wells of a Hoefer SE 260E 
Might Small II (Pharmacia Biotech, San Francisco, CA) 10% polyacrylamide separating gel [ 10% 
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acrylamide/bis (100:1 acrylamide:bisacrylamide)], 0.375 MTris-HCI, pH 8.8, 0.1 % (w/v) sodium 
dodecyl sulfate (SDS), 0.05% (w/v) ammonium persulfate and 0.05% (v/v) N, N, N', N'- 
tetramethylenediamine (TEMED). The 10% separating gel had a 5% polyacrylamide stacking gel [5% 
acrylamide/bis (100:1 acrylamide: bisacrylamide)], 0.125 MTris-HCI, pH 6.8, 0.1 % (w/v) SDS, 
0.125% (v/v} TEMED, and 0.075% ammonium persulfate. Gels were run at 125 V for approximately 
190 min at room temperature, using 192 mM glycine and 0.1 %SDS (w/v) 25 mM Tris, pH 8.3 as the 
running buffer. 
Gels were stained in an excess of 0.1 % (w/v) Coomassie brilliant blue R-250, 40% (v/v) 
ethanol and 7% (v/v) acetic acid for 12 h and de-stained in the same solution excepting the Coomassie 
brilliant blue R-250. An image of the gel was acquired using an AlphaInnotech FluorChem 8800 
imgaing system (Alpha Innotech Corporation, San Leandro, CA}. 
Oscillatory Rheology 
Viscoelastic properties of the prepared myofibril solution were measured during heat-induced 
gelation and subsequent cooling using a Haake RS-15 0 controlled stress rheometer (Thermo Electron, 
Madison, WI) in small strain oscillatory mode. Measurements were conducted within the linear range 
at a strain of 0.0025, and a constant frequency of 1 Hz. Samples were heated at a rate of 1 °C/min 
from 20°C to 85 °C between 3 5 mm parallel plates (gap = l .5 mm), held at 85 °C for 3 min and then 
cooled from 85°C to 5°C (5°C/min). The exposed surfaces of the protein samples were coated with a 
liquid paraffin to prevent drying. During each phase, the storage modulus (G') in Pa and the phase 
ship angle (b) in degrees were monitored. All treatments were tested in triplicate. 
mater-holding capacity 
Water-holding capacity (WHC) was measured based on protocol described by Kocher and 
Foegeding (1993). Heat-induced gels were prepared from all six treatments by heating protein 
samples in centrifuge tubes with a filter insert (Polypropylene Tube and Centrifuge Tube Filter, 0.22 
µm Nylon, Corning Inc., Corning, NY) in a 20°C water bath (Isotemp® 110, Fisher Scientific, 
39 
Pittsburgh, PA) by heating at a rate of <1 °C/min to 70°C. Prior to heating, sample weights of the 
centrifuge tubes, filters and protein samples were all recorded. Following gelation, the samples were 
stored at 4°C for 24 hours. 
Protein gels were centrifuged (Sorvall Legend RT, Kendro Laboratory Products, Hanau, 
Germany) at 1000xg for ten minutes at 4°C. Weights of the centrifuge tubes and the moisture 
captured within, as well as the filters with the cooked gel, were measured for calculation of the 
moisture loss and the cooked gel weight. The following formula was used to determine water-holding 
capacity (%): 
WHC~%~ _ ~l — "f%G~ • 100 [~1 
Where ML was the amount (g) of moisture loss from the gel during centrifugation and CG 
was the weight of the cooked geI (g). A11 treatments were tested in 2 replicates, both consisting of 3 
observations; mean values from these replicates are represented in the data reported. 
Statistical Analysis 
Statistical analysis was performed using JMP Statistical Discovery Software 5.0 (SAS, 2002). 
The rheology experiments were conducted three times and each run was considered a replicate. The 
three water-holding capacity replications each consisted of three observations per treatment. 
Significant differences (P<0.05) between means were identified using Tukey-Kramer HSD, 
correlation matrices were determined using pairwise or Pearson product-moment correlations and 
analysis of variance (ANOVA) was conducted to determine significance of muscle type and pH on 
experimental results. 
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Results and Discussion 
~S~~~S-PAGE 
SDS-PAGE gels were run to determine the protein profile of the three muscles used in this 
study and ensure that treatments of the same muscle had no differences in the protein content. The 
resulting gels {Fig. 8) illustrate that there are minor differences in the protein profile between the 
muscles. The LD myofibrils, for example, show greater staining intensity of a band that migrated just 
below the actin than the SM and PM myofibrils. It is also important to note that the proteins were 
similar within muscle type regardless of pH. This indicates that the methods of altering pH did not 
affect the protein solubility and any differences within the muscle could not be attributed to 
differences in the protein profile. 
Oscillatory Rheology 
All samples began to form a gel, as indicated by an increasing storage modulus and 
decreasing phase shift angle (Fig. 9 & 10), shortly after reaching 40°C. This gelation continued until 
the temperature reached approximately 52°C where a weakening of the gel began in four of the six 
samples, excluding only the SM and PM treatments at pH 6.0 where a plateau was observed within 
the same temperature range. At approximately 57°C the gel strength increased until a plateau was 
identified near 80°C in each treatment. 
The increase, decrease and subsequent increase of storage modulus during the heating phase 
has been observed while investigating the viscoelastic properties of beef, chicken and pork as affected 
by muscle type by Liu and Xiong (1996), Fretheim et al. (1986) and Robe and Xiong (1993 ), 
respectively. These peaks have been attributed to the step-wise denaturation and gelation of myosin. 
The mechanism in which myosin forms a gel is suspected to involve the aggregation of the heavy 
meromyosin (I=Q~IM), which is the head of the protein, and the formation of a network amongst the 
LI~~IM, or tail portions of the protein (Samejima, Ishioroshi & Yasui, 1981). 
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The exact temperature of these transitions were not calculated, but comparisons were made in 
G' at temperatures indicated to be the inflection points identified by Westphalen, Briggs and 
Lonergan (page 28, herein) (41, 5 0 and 5 7°C) during a previous study. Table 3 shows these 
comparisons as well as those of 72, 85 and 5°C. A correlation matrix was performed to identify 
correlations of G' between temperatures (Table 4). A strong correlation was shown between the G' at 
41 and 50°C, meaning the gel strength at this temperature is greatly influenced by the gel strength 
prior to this temperature. Another strong correlation was identified in these data between 57, 72, 85 
and 5°C indicating that the storage modulus following denaturation (at the end of the depression) is 
the determining factor of the gel strength as temperature increases from this point, as well as the 
storage modulus after cooling. This illustrates that the factors in this study affecting the gel strength 
of these myofibrillar proteins are most influential during the temperature range of 50 to 57°C or prior 
to gelation to influence the initial storage modulus and thus influencing the storage modulus at future 
temperatures. The discovery of these correlations can be useful in determining predictors to establish 
the gel strength at future temperatures. 
The samples exhibiting the plateau during the temperature range of 50-57°C (PM 6.0 and SM 
6.0} were consistent with the findings of Westphalen et al. (page 26, herein). It was hypothesized that 
pH affects the denaturation of myosin at these temperatures. The myofibrils from the SM and PM 
muscles exhibit similar pH effects, however pH shows little effect on myofibrils of the LD muscle. 
This indicates that the muscle types respond differently to pH and that LD myofibrillar proteins are 
possibly less sensitive to a pH change. This can be attributed to the difference in response of different 
protein profiles. 
The effect of muscle type on the gelation properties can be attributed to the different protein 
structure (Fig. 8) and behavior of these proteins during interaction. Myosin is the key component for 
gelation in meat, and isoforms of the myosin heavy chain are specifically associated with the specific 
fiber types. Thus, it is possible that the isoforms differ in gel formation mechanisms. 
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Gei firming occurred during the cooling phase (Fig. 11), maintaining the same trend 
regarding the order of treatments in terms of gel strength established at 85°C. The percentage of 
change during the cooling period was evaluated for each treatment and only the PM at pH 6.5 showed 
a significantly different response. Table 4 identifies that the storage modulus at 5°C is most strongly 
correlated with the gel strength at 85°C. This demonstrates that each treatment responds similarly 
during cooling, regardless of pH or muscle type, and that the gel strength after cooling is primarily 
dependent on the gelation properties at the end temperature of cooking. 
Water-holding capacity 
The water-holding capacity was found to differ between muscle type to a greater extent than 
between pH (Table 5). It was discovered that water-holding capacity was not different between pH 
treatments of the same muscle. A difference was established between SM and LD treatments, where 
LD exhibited greatly reduced water-holding capacity than of SM. 
Melody et al. (2004) performed drip loss measurements of SM, LD and PM at 24 h and 96 h 
post mortem. This study showed comparable water holding capacity in the LD and SM muscles, 
increasing during storage from 24-96 h from approximately 1.5 to 2.8%. PM muscles demonstrated 
similar drip loss percentage at 24 h to the other muscles, but exhibited very little change during 
storage (0.04%) and Less drip loss percentage than SM and LD after the same storage time. While this 
study agrees with the findings that muscle type affects water-holding capacity, the drip loss 
measurements show different trends than those found in the gravemetric expression of myofibrils. 
This is possibly due to the change in structure, ionic strength and protein concentrations from the 
meat samples to the isolated myofibrils in salt solution, as the myofibrils are standardized for protein 
content and pH, while the protein content in the muscle samples in the drip loss measurements are not 
standardized. 
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Conclusions 
This study supports previous studies indicating that fiber type composition in muscles affects 
water holding and viscoelastic properties of heat-induced myofibrillar protein gels. Myofibrils from 
white muscles exhibited stronger gels than those from red muscles. The sensitivity to pH was greater 
in myofibrils from PM and SM muscles than those from LD, supporting previous studies indicating 
muscle type affects gelation behavior and demonstrates different response to pH. Muscle type also 
was .found to influence water-holding capacity. The identification o~correlations of G' at 
temperatures 57°C and greater demonstrates the possibility for prediction of gel strength after this 
temperature is reached. 
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GENERAL CONCLUSION 
The functional properties of myofibrillar proteins were identified to be affected by the muscle 
type and pH. Muscle type and pH affected the gelation properties of porcine myofibrillar proteins by 
affecting the occurrence and extent of occurrence of a depression in gel strength from approximately 
SO°C to 57°C. Myofibrils from the semimembranosus of low pH (5.6 and 6.0) and the psoas major at 
pH 6.0 did not establish a weakening of the gel, but a plateau was observed during this temperature 
range. The importance of the gelation period following this period of depression or plateau was 
discovered as the rate of gelation, during this range, established a direct relationship to the water-
holding properties of semimembranosus samples of pH 5.6, 6.0, 6.5 and 7.0. During the range of 60- 
75°C the strongest relationship between gel strength and pH was also observed. 
These findings are important to the meat processing industry, as the effects of pH and muscle 
type identify that inconsistencies in the product formulation could lead to variance in the product 
character. Mixtures of muscle types should maintain uniform proportion and be thoroughly 
homogenized and pH should be maintained to prevent changes in the textural and water-holding 
properties. 
Strong correlations between storage modulus values at 5 7, 72, 85 and. 5°C, illustrating that 
variation in gel strength is determined prior to reaching 57°C. This indicates that, under the conditions 
tested in this study, the effects of muscle type and pH are most influential prior to the temperature of 
57 °C. This strong correlation of the gel properties after this temperature indicates that prediction of 
final gel strength is possible under these conditions. 
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RECOMMENDATIONS FOR FUTURE RESEARCH 
Future research should be focused on expanding the understanding of the factors that 
influence heat-induced gelatian of meat proteins and investigating the mechanisms that occur during 
heat-induced gelation. The following questions represent a gap in the knowledge regarding gelation 
of myofibrillar proteins in meat systems. How do pH and muscle type affect muscle behavior during 
processing, as opposed to using a model system of myofibrillar proteins? What physical changes 
occur during heat-induced gelation, as shown by microscopy? How do the protein interactions and 
denaturation change during gel formation as affected by muscle type and pH? Does postmortem 
proteolysis of myofibrillar protein alter protein gelation behavior? Addressing these questions will 
improve our understanding ofheat-induced gelation of meat proteins and make product and process 
improvement possible. 
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Table 2. Inflection temperatures (°C) of rheological data of storage modulus (G') determined during 
heating phase in gels of varying pH. 
Inflection Points (°C) 
pH IP 1 SEM IP2 SEM IP3 SEM IP4 SEM 
7.0 
6.5 
6.0 
5.6 
41.53 0.737 
42.75 0.177 
41.80 0.187 
41.02 0.054 
51.3 5 0.316 
51.04 0.201 
50.00 0.485 
45.70 0.316 
57.49 0.345 
57.37 0.486 
57.17 0.959 
55.54 0.729 
73.34 1.254 
73.80 0.448 
74.58 0.327 
73.98 0.378 
Means within the same column do not differ significantly (P<0.05) 
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Table 4. Pairwise correlations of storage modulus (G') determined between transition temperatures 
(41, 50, 57°C) and endpoint temperatures of typical meat processing (72°C) and testing phases (85 
and 5°C). 
Temperature (°C) 
41 50 57 72 85 
50°C 
57°C 
72°C 
85°C 
5°C 
0.85 
0.14 0.57 
0.04 0.40 0.93 
0.11 4.45 0.94 0.97 
0.12 0.50 0.96 0.97 0.97 
51 
Table 5. Means ofwater-holding capacity, in percent, of gels from myofibrils of semimembranosus 
(SM), longissimus dorsi (LD), and psoas major (PM) muscles at 2 pH levels (6.5 and 6.0). 
Muscle Type 
SM LD PM 
pH 6.5 87.73 a 69.70c 83.26ab 
pH 6.0 84.3 Dab 66.87c 75.27bc 
SEM 0.60 2.17 1.18 
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Figure l . Polyacrylamide gel (10%} showing protein structure of porcine semimembranosus 
myofibrils at pH 7.0, 6.5, 6.0 and 5.6. A11 lanes were loaded with 20 µg of protein. Myosin 
and actin bands are identified using a molecular weight standard run in Lane l . 
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FIGURE 1 
pH 
7.0 6.5 6.0 5.6 
209 kDa 
Myosin 
Heavy 
Chain 
124 kDa 
80.0 kDa 
Actin 
34.8 kDa 
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